We have designed, fabricated, and characterized novel p-n junction photodetectors based on macroscopic single-wall carbon nanotube films. A broadband responsivity up to ~ 1 V/W was observed at the junction region. By controlling for substrate and doping levels, we determined that the mechanism is the photothermoelectric effect, which is supported by a theoretical model OCIS codes: (040.5160) Photodetectors; (160.4236) Nanomaterials
Introduction
Single-wall carbon nanotubes (SWCNTs) are promising for use in solar cells and photodetectors because of their strong broadband absorption. Many early reports about optoelectronic devices were based on individual SWCNTs and were therefore limited by complicated fabrication and miniscule absorption. Recently, there has been a growing trend for merging SWCNTs into microscopic and macroscopic devices to provide more practical applications [1] . Here we report a p-n junction photodetector, which was fabricated from a macroscopic SWCNT film. Both photovoltage (PV) and photocurrent (PC) were observed under illumination in the visible and near-infrared, with the response nearly independent of wavelength in the range investigated (660 -1600 nm). Various factors affecting PV were studied and modeled, which showed that the photodetection mechanism is the photothermoelectric (PTE) effect.
Device Fabrication
The photodetector shown in the inset of Fig. 1(a) is composed of one unintentionally p-doped SWCNT film (~ 2 × 4 mm 2 ), overlapped with another n-doped film of same size. Two electrodes were made by daubing silver paste at edges of films. The SWCNTs were grown on silicon substrates by chemical vapor deposition and then transferred onto Teflon tape or an AlN substrate [2] . A liquid-based chemical dopant -benzyl viologen (BV) -was used to make n-doped SWCNT film [3] .
Results and Discussion
PV was measured in air by the illumination with different sources. Figure 1 shows the results for illumination with a 660 nm laser diode with an average power of 10 mW with a spot size of 1 m, while the laser spot was scanned over the entire device across the p-n junction [see the black curve in Fig. 1(a) ]. As a control, the same measurements were also repeated on devices made only by p or n-type SWCNT films [see the blue and red curves in Fig. 1(a) ]. While PV only appears when the laser spot is at the interface between electrodes and SWCNT films for pure p and n type devices, there is a PV peak with a peak value of ~ 1 mV at the junction region of the p-n junction device, which 978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America is three times larger than signals at electrode-sample interfaces. This result can be explained by the PTE effect in which the Seebeck coefficient, S, of SWCNTs plays the key role, and the thermoelectric potential is given by [4] V S Tdx .
Because of the opposite sign of S in the p and n films, a net thermoelectric potential is built across the sample via local heating when the laser spot is at the p-n interface. I-V curves were constructed in order to fully check the photoresponse of p-n junction device [ Fig. 1(b) ]. The current increases markedly under laser illumination, indicating an unbiased PC. This shift allows us to estimate the PC at ~25 A and the PV ~ 2 mV. We examined different factors affecting PV in our devices, including substrates and n doping concentration. Shown in Fig. 2(a) are results of scanning PV measurements for devices on Teflon tape, Teflon tape warped on glass slides, and on an AlN substrate. From Teflon tape to AlN substrate, the PV profile changes dramatically with an amplitude decrease of two orders of magnitude. Based on the PTE effect, we can explain that the decrease of the PV amplitude is due to the increase of thermal conductance between sample and substrates. This is expected because the thermal conductivity of AlN (140-180 w/mK) is much larger than that of Teflon tape. Besides the decrease of PV amplitude, another consequence is the decrease of response time, which is shown in Fig. 2 (b) . The PV takes a few seconds to reach a maximum for the sample on Teflon tape. The response time of the sample on an AlN substrate is only 84 s. So there is a trade-off between PV amplitude and response time, which is typical of thermal detectors. Finally, Fig. 3 shows the PV dependence on the concentration of the BV n-doping, showing a maximum of PV at a BV concentration of ~100 mM. This dependence can be explained from the dependence of S on n-doping level which exhibits a maximum at intermediate doping levels [3] .
